ABSTRACT: Digital infrared thermal imaging (DITI) using a thermal camera has potential to be a useful tool for the production animal industry. Thermography has been used in both humans and a wide range of animal species to measure body temperature as a method to detect injury or inflammation. The objective of these experiments was to compare the temperature of the eye (EYE) or muzzle (MUZ) measured using DITI to vaginal (VT) and rectal temperature (RT) as measures of core body temperature in hair sheep and beef cattle. In Exp.1 EYE, VT and RT were measured in lactating, multiparous hair sheep ewes (St. Croix White, n = 10, and Dorper × St. Croix White, n = 10) in a non-febrile state 5 times over a 48-h period. Data loggers were used to measure VT and a digital veterinary thermometer was used to measure RT. There was a high correlation (P < 0.001) between VT and RT (r = 0.95), EYE and RT (r = 0.76) and EYE and VT (r = 0.77). In Exp. 2 EYE, MUZ, VT and RT were measured in multiparous, lactating ewes (St. Croix White, n = 2, and Barbados Blackbelly, n = 12) at -12, -1, 0, 1, 2, 3, 4, 6, 12, 24, 36, and 48 h after being administered lipopolysaccharide (LPS; n = 7; 0.2 µg/kg BW, i.v.) or saline (n = 7; 0.5 mL, i.v.). Data loggers were used to measure VT and a digital veterinary thermometer was used to measure RT. When data were combined across treatments (LPS and saline) there was a high correlation (P < 0.001) between VT and RT (r = 0.96), EYE and RT (r = 0.82), MUZ and RT (r = 0.72), and EYE and VT (r = 0.93). In Exp. 3 EYE, MUZ, VT and RT were measured in multiparous, non-lactating, pregnant Senepol cattle (n = 44) between 0900 and 1200 h on a single day. A digital veterinary thermometer was used to measure both VT and RT. There was a high correlation (P < 0.001) between VT and RT (r = 0.78), a moderate correlation (P < 0.001) between VT and EYE (r = 0.52), RT and EYE (r = 0.58) and EYE and MUZ (r = 0.48). There was no correlation (P > 0.10) between RT or VT and MUZ. The findings of these three studies indicate that temperature of the eye, measured using DITI, can be used as an indicator of core body temperature in hair sheep and beef cattle as an alternative to using vaginal or rectal temperature.
INTRODUCTION
There are many situations where the determination of body temperature, most often measured as rectal temperature (RT), is the initial method used to evaluate the health of an animal. The determination of body temperature using non-invasive methods decreases the need to handle or restrain animals, and can have applications in non-domestic species where handling is impractical or impossible (Speakman and Ward, 1998, Kouba and Willard, 2005) . Because animals can be largely asymptomatic when unhealthy, leading to difficulty in identifying them (Schaefer et al., 2007; Poulsen and McGuirk, 2009) , body temperature measurement is often used as a rapid screening test for identifying sick (febrile) animals.
Digital infrared thermal imaging (DITI) has been used in the veterinary sciences as a tool to monitor lameness in horses (Purohit and McCoy, 1980; Turner, 1998; Eddy et al., 2001) , testicular function in beef cattle (Lunstra and Coulter, 1993; Gabor et al., 1998) , mastitis in dairy cattle (Berry et al., 2003) , and scrotal temperature in rams (Coulter et al., 1988; Augustin et al., 2005) . It has also been used to evaluate animal welfare in situations such as transportation (Schaefer et al., 1988) and branding (Schwartzkopf-Genswein and Stookey, 1997) .
Thermal imaging has the potential to be used as a noninvasive and rapid method of monitoring animal body temperature. Multiple studies were designed to investigate the use of DITI for quantifying eye and muzzle temperature as a measure of body temperature in hair sheep and beef cattle. Two studies were conducted using hair sheep with the objective to evaluate the relationship of eye temperature (EYE) and muzzle temperature (MUZ) measured using DITI to RT and vaginal temperature (VT) in sheep in normothermic and febrile states. The third study evaluated the use of this same technology to evaluate the relationship among EYE and MUZ measured using DITI to RT and VT in Senepol cattle in a normothermic state.
MATERIALS AND METHODS
Animals were managed in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 1999) and experimental procedures were approved by the University of the Virgin Islands Animal Care and Use Committee.
Experiment 1
Ten multiparous, lactating St. Croix White (n = 10) and Dorper × St. Croix White (n = 10) ewes were used to evaluate the relationship between EYE, RT, and VT in August 2005. Ewes were brought in from pastures and placed in sorting pens overnight before sample collection. For sample collection ewes were placed in a chute in the shade that allowed access to individual animals. Temperature measurements were collected 5 times over a 48-h period (3 times in the morning between 0800 and 1000 h and 2 times in afternoon between 1500 and 1800 h). Intravaginal temperature data loggers (Stowaway Tidbit, Onset Computer Corp, Bourne, MA; accuracy ± 0.1°C) were programmed to collect VT at 5-min intervals for 48 h. A veterinary thermometer (GLA M700, GLA Agricultural Electronics, San Luis Obispo, CA; accuracy ± 0.1°C) was used to measure RT while the animal was standing in the chute at the same time that thermal images of the eye were taken. A FLIR ThermaCAM P65HS infrared camera (FLIR Systems AB, Danderyd, Sweden; accuracy ± 2%) was used to take images of the left and right eye of each ewe at the same time that RT was being recorded. While the ewes were in the chute their heads were held still by a technician. The camera operator took individual images of the eyes from the side of the ewes head with the camera at a distance of 30 cm. Images were captured on the camera once the operator determined it to be in focus and then downloaded to a desktop computer. Image analysis was conducted using ThermaCAM Researcher Pro 2.7 software to determine maximum temperature (MAX) for the left and right eye. Previous work in our laboratory has shown that there is no difference in MAX eye temperature, measured using DITI, between the left and right eye (Willard et al., 2006) so EYE was determined as the average of the maximum temperature of the left and right eye. Environmental conditions consisting of ambient temperature and humidity were recorded throughout the entire sampling period at 10-min intervals using HOBO data loggers (HOBO H8 Pro Series, Onset Computer Corp, Bourne, MA). Temperature-humidity index (THI) was calculated using the formula THI = (0.8 * T) + ((RH/100) × (T-14.4)) + 46.4, where T = temperature (°C) and RH = relative humidity (NOAA, 1976) .
Experiment 2
Multiparous, lactating St. Croix White (n = 2) and Barbados Blackbelly (n = 12) ewes were used to evaluate the relationship of VT, RT, EYE, and MUZ in hair sheep ewes after the administration of lipopolysaccharide to induce a febrile state in April 2006. To measure VT each ewe was fitted with an intravaginal temperature data logger at 1800 h programmed to record at 5-min intervals for 60 h. Ewes were randomly assigned to receive lipopolysaccharide (0.2 µg/kg BW i.v.; LPS; n = 7) or saline (0.5 mL i.v.; Control; n = 7). Temperature measurements (RT, EYE, and MUZ) were taken at -12, -1, 0, 1, 2, 3, 4, 6, 12, 24, 36 , and 48 h (lipopolysaccharide challenge initiated at 0 h [0600 h]) when passing the animals through the chute. A veterinary thermometer was used to measure RT while the animal was standing in the chute at the same time that thermal images of the eye and muzzle were taken. Images of the eyes were collected using the same procedure as described in Exp. 1. The camera operator took an image of the muzzle from the front of the ewes head with the camera at a distance of 30 cm. Images were captured on the camera once the operator determined it to be in focus and then downloaded to a desktop computer. Images were analyzed using the procedure described in Exp. 1. Maximum temperature for the muzzle was used to determine MUZ. The maximum temperature after the 0 h sample, the time to maximum temperature after 0 h sample and the magnitude of the change in temperature (maximum temperature -0 h temperature) were determined for RT, VT, EYE, and MUZ in Control and LPS ewes. Environmental conditions consisting of ambient temperature and humidity were recorded throughout the entire sampling period at 10-min and used to calculate THI using the formula described in Exp. 1.
Experiment 3
Multiparous, non-lactating, pregnant Senepol cows (n = 44) were used to evaluate the relationship of VT, RT, EYE and MUZ in cattle in February 2008. Cows were brought in to sorting pens the day before collecting temperature measurements. Temperature measurements were collected between 0900 and 1200 h on 1 d. Cows stood in a squeeze chute with no squeeze applied and in the shade for all temperature measurements. The head of each cow was restrained in the head gate to enable taking thermal images of the left and right eyes and the muzzle. A veterinary thermometer was used to measure RT and VT while the animal was standing in the chute at the same time that thermal images of the eye and muzzle were taken. For each cow VT was measured first and then RT. The thermometer probe was washed in disinfectant and dried between cows to prevent contamination of the vagina. The camera operator took individual images of the eyes from the side of the cows head with the camera at a distance of 30 cm. The camera operator then took an image of the muzzle from the front of the cows head with the camera at a distance of 30 cm. Images were captured on the camera once the operator determined it to be in focus and then downloaded to a desktop computer. Images were analyzed using the procedure described in Exp. 1. Maximum temperature for the muzzle was used to determine MUZ. Environmental conditions consisting of ambient temperature and humidity were recorded throughout the entire sampling period at 10-min and used to calculate THI using the formula described in Exp. 1.
Data Analysis
Within each experiment simple correlations were determined among RT, VT, EYE (Exp. 1, 2, and 3), and MUZ (Exp. 2 and 3) using PROC CORR of SAS (SAS Inst. Inc., Cary, NC). Correlations with r > 0.68 were classified as high, 0.36 < r < 0.67 as moderate, and r < 0.35 as low (Taylor, 1990) . Temperatures measured at the different sites (EYE, RT, VT, and MUZ) were compared using GLM procedures within experiment. In Exp. 1 and 2 VT values that corresponded to the times that RT, EYE, and MUZ were measured were used in the correlation analysis. In Exp. 2 VT, RT, EYE, and MUZ were analyzed using repeated measure techniques of GLM with site of measurement, treatment (Control and LPS) and time as the main effects. The maximum temperature after the 0 h sample, time to maximum temperature and magnitude of the change in temperature were analyzed using GLM procedures with treatment (Control and LPS), site of temperature measurement (rectum, vagina, eye and muzzle), and the interaction in the model. Mean separation was conducted using the PDIFF option. All results are presented as least square means ± SEM.
RESULTS
A summary of the environmental conditions during each experiment is shown in Table 1 . Within each experiment, a difference between RT and VT was not observed (P > 0.10; Table 2 ). In Exp. 1 EYE was similar to VT and RT (P > 0.10). In Exp. 2, EYE was lower than VT in Control (P < 0.0003) and LPS ewes (P < 0.0004). Muzzle temperature was lower than RT, VT, and EYE in both Control (P < 0.0003) and LPS (P < 0.0004) ewes. In Exp. 3 RT and VT were higher than EYE (P < 0.0001). Muzzle temperature was lower than RT, VT or EYE (P < 0.0001).
In Exp. 1 there was a high correlation (P < 0.001; Table 3 ) between VT and RT (r = 0.95), EYE and RT (r = 0.76) and EYE and VT (r = 0.77). In Exp. 2 within the Control ewes there was a high correlation (P < 0.001; Table 3 ) between RT and VT (r = 0.88), RT and EYE 2 Ewes were treated with either saline (0.5 mL i.v.; Control; n = 7) or lipopolysaccharide (0.2 µg/kg BW i.v.; LPS; n = 7). Temperature measurements were taken at -12, -1, 0, 1, 2, 3, 4, 6, 12, 24, 36, and 48 (r = 0.72), VT and EYE (r = 0.77) and MUZ and EYE (r = 0.73). In Control ewes MUZ was moderately (P < 0.001) correlated with RT (r = 0.63) and VT (r = 0.65). Within LPS-treated ewes all temperatures were highly correlated with each other (r > 0.79, P < 0.001, Table 3 ). When data were combined across treatments (LPS and Control) all temperatures were highly correlated with each other (r > 0.72, P < 0.001, Table 3 ). In Exp. 3 there was a high correlation (P < 0.001; Table 3 ) between VT and RT (r = 0.78), a moderate correlation (P < 0.001) between VT and EYE (r = 0.52), RT and EYE (r = 0.58) and EYE and MUZ (r = 0.48) in the cows. There was no correlation (P > 0.10) between RT or VT and MUZ. In Exp. 2 all measurements (VT, RT, EYE, and MUZ) were able to detect temperature changes due to the lipopolysaccharide induced febrile state (Fig. 1) . In both Control and LPS ewes there was no difference between VT and RT (P > 0.10) at any sampling points. In both Control and LPS ewes MUZ was lower (P < 0.0001) than VT, RT or EYE at all times. In Control ewes EYE was lower (P < 0.001) than VT and RT at 12, 24, 36, and 48 h. In LPS ewes EYE was lower (P < 0.01) than VT and RT at 3, 4, 12, 14, and 26 h.
Time from lipopolysaccharide treatment to maximum temperature was not different between Control and LPS ewes or among sites of measurement (P > 0.10; Table 4 ). Maximum temperature was higher (P < 0.0001) in LPS than in Control ewes. Maximum temperature was lowest when measured at the muzzle (P < 0.02) and highest when measured as either rectal or vaginal temperature (Table 4 ). The magnitude of the change in temperature was higher (P < 0.0001) in LPS than in Control ewes. Muzzle temperature had the largest change in temperature compared to RT, VT and EYE (P < 0.005). The treatment × site interaction was significant only for maximum temperature (P < 0.004). In the Control ewes maximum MUZ temperature was lower (P < 0.03) than the maximum for RT, VT or Eye (Fig. 2) . In LPS ewes maximum MUZ was lower than the maximum for EYE (P < 0.04) which was lower than the maximum for RT and VT (P < 0.005). 
DISCUSSION
Based on the results of the current studies, VT can be used as a measure of core body temperature, similar to RT, in both sheep and cattle. Rectal and vaginal temperatures have been reported to be correlated in dairy cattle (Vickers et al., 2010) , which is in agreement with the current study. Previous work in our laboratory has used vaginal temperature as a measure of body temperature in response to feeding at different times of the day in hair sheep ewes (Godfrey et al., 2013) . Because of the ability to collect serial vaginal temperature readings over time using indwelling data loggers, this parameter may lend itself to more use in research evaluating heat stress in livestock. The main limitation of vaginal temperature measurement is that it can only be used in females. Reuter et al. (2010) have developed a rectal temperature probe with a harness that attaches to the tail of the animal that can be used in cattle of both sexes to collect serial samples over extended time periods under a variety of conditions.
The current study and Vickers et al. (2010) have reported a high correlation between vaginal and rectal temperature. In several other studies thermal imaging has been used to monitor various aspects of animal health (Purohit and McCoy, 1980; Turner, 1998; Eddy et al., 2001; Berry et al., 2003) , fertility (Lunstra and Coulter, 1993; Gabor et al., 1998) , and animal welfare (Schaefer et al., 1988; Schwartzkopf-Genswein and Stookey, 1997) but the relationship between eye, vaginal, and rectal temperature in livestock species has not been explored to a great extent. In our laboratory thermal imaging has also been used to evaluate EYE and surface temperatures of cattle and sheep under tropical conditions (Creighton et al., 2011; Rubino et al., 2011) .
The differences among RT, VT and EYE (Table 2) are small yet significant. The ability to detect small differences in body temperature could be influenced by the sampling frequency and the sensitivity and accuracy of the devices used. According to the manufacturer, the data loggers used to monitor VT have a response time of 5 min, so programming them to record more frequently than that would not provide useful results. Because of the narrow range of VT of ewes in the normothermic state (0.6°C) and the low SEM (0.09°C) reported previously (Godfrey et al., 2013 ) the ability to detect small, yet significant differences in serial samples is not surprising.
In further support of the reliability of the methods used to monitor body temperature, all 4 measures of temperature, RT, VT, EYE, and MUZ, exhibited the same profile over time and were able to detect the lipopolysaccharide induced rise in temperature at the same time. The magnitude of temperature increase was different but the timing of the maximum temperature was similar among sites. Even though EYE and MUZ were lower than RT and VT, they produced similar profiles over time depicting a rise in temperature in response to the lipopolysaccharide. The initial decrease in temperatures of Control and LPS ewes between -12 and -1 h is most likely due to the time of day that these samples correspond to, 1800 and 0500 h, respectively. Previously we have shown that body temperature of hair sheep ewes, measured as VT, declines between 1800 and 0600 h the following day (Godfrey et al., 2013) .
In the current studies the correlations between eye, vaginal, and rectal temperatures were lower in the cattle than in sheep (Table 3 ). This could have been due to the smaller sample size for the cattle data set (n = 44 Ewes were treated with either saline (0.5 mL i.v.; Control; n = 7) or lipopolysaccharide (0.2 µg/kg BW i.v.; LPS; n = 7). Temperature measurements were taken at -12, -1, 0, 1, 2, 3, 4, 6, 12, 24, 36 , and 48 h (LPS challenge initiated at 0 h).
2 Time after 0 h sample.
3 Maximum temperature measured after 0 h sample. observations in Exp. 3) compared to the sheep (n = 100 and 168 observations in Exp. 1 and 2, respectively) . In addition, the cattle had only 1 sample per animal collected whereas serial samples were collected from the sheep which could have contributed to the higher correlations. It could also be related to the handling stress imposed on the animals during the data collection. The sheep used in this study are weighed each week as part of routine management and are handled much more often than the cattle. The rise in temperatures measured in the Control ewes after -1 h in Exp. 2 may be due in part to the handling of the animals at that initial frequency. In similar sampling protocols there was no increase in cortisol concentrations during the frequent sampling interval Willard et al., 2004) which indicates that perhaps the slight rise in temperature seen in Fig. 1 in the Control ewes during the frequent sampling may be due to physical activity as opposed to stress of handling. It is also possible that stress from handling the cattle caused a drop in temperature that affected correlation to core body temperature. Stewart et al. (2008) showed that cattle exposed to handling stress had a rapid drop in orbital temperature that did not recover for up 5 min. This was thought to be a sympathetically-mediated response via vasoconstriction. Because the cattle in the current study are not handled very often there could have been some stress brought on by passing them through the chute for the sample collection.
Muzzle temperature was not correlated with VT or RT in cattle and this may be due to differences in behavior. It was noted that the cattle licked their muzzle while being worked through the chute to collect the temperature measurements but nothing was done to account for the moisture on the surface of the muzzle when the thermal imaging was being conducted or the images were analyzed. The higher, and significant correlations, between MUZ and VT and RT in the sheep may be due to the greater numbers of samples collected and the fact that the sheep were not observed licking their muzzle the way cattle did.
While the thermal image based temperature measurements described in the current study were obtained via a handheld camera, a recently published study by Schaefer et al. (2012) explores the use of a thermal imaging camera attachment to a water station that is able to scan the eye of the animal, in this case a calf, as it drinks. As animals visit the water trough daily this would help producers identify sick animals more quickly and without unnecessarily stressing the animals by handling them. An animal could then be singled out and treated rather than mass treatment of the entire group. The validation of eye temperature as an acceptable and accurate measure of body temperature could lead to this type of system becoming more practical and effective.
In summary, these results show that measuring the temperature of the eye in sheep and cattle, or the muzzle in sheep, using thermography can be a non-invasive method to monitor body temperature. Further research needs to be done in more animal species and under a wider variety of environmental conditions. The current price of the technology may limit its wide spread use but as the technology is enhanced and prices drop it may find wider acceptance and use in animal health and well-being evaluations.
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